ABSTRACT A laboratory colony of western corn rootworm, Diabrotica virgifera virgifera LeConte, was selected for resistance to transgenic maize expressing the eCry3.1Ab protein. The selected colony was developed by rearing larvae on nonelite noncommercial Bt maize expressing the eCry3.1Ab protein. After four generations, selected and control colonies were screened on eCry3.1Ab-expressing and isoline maize using greenhouse experiments. There was a signiÞcant colony ϫ maize pedigree interaction in terms of the number of larvae recovered. There was no signiÞcant difference in the number of larvae recovered from eCry3.1Ab-expressing and isoline maize for the selected colony, whereas this difference was signiÞcant for the control colony. There was not a signiÞcant colony ϫ maize pedigree interaction in terms of root damage, or the number of beetles recovered, but the effect of maize pedigree was signiÞcant. After four and eight generations of selection, seedling bioassays were performed. Again, there was a signiÞcant colony ϫ maize pedigree interaction in terms of the number of larvae recovered. After 11 generations of selection, larvae from the selected colony had higher LC 50 values than the control colony when exposed to increasing concentrations of the eCry3.1Ab protein.
The western corn rootworm, Diabrotica virgifera virgifera LeConte, is likely the most important insect pest of maize, Zea mays L., worldwide. In the United States, initial estimates of control costs and yield losses exceeded US$1 billion annually (Metcalf 1986 ). More recently, with resistance to crop rotation in two rootworm species (Gray et al. 2009 ), at least one estimate of the rootwormÕs economic impact has exceeded US$2 billion annually (P. Mitchell, personal communication). Discovered in Europe in the early 1990s, it has been estimated that 472 million Euro could be saved annually simply by slowing the spread of this pest (Wesseler and Fall 2010) .
Management options for western corn rootworm in the United States and Canada have traditionally included granular and liquid soil insecticides, crop rotation, and in some regions beetle management to prevent oviposition. More recently, insecticidal seed treatments have become additional tools for rootworm management along with transgenic maize. Transgenic maize that express endotoxins (Cry proteins) from the soil bacterium Bacillus thuringiensis Berliner (Bt) have been developed by several seed companies to mitigate economic damage caused by corn rootworm larvae (Moellenbeck et al. 2001; Ellis et al. 2002; Vaughn et al. 2005; Walters et al. 2008 Walters et al. , 2010 . Transgenic maize expressing the Cry3Bb1 protein was Þrst registered for commercial sale in 2003, and two additional products expressing different proteins were registered for commercial sale in 2005 (Cry34/35Ab1) and 2006 (mCry3A). More recently, an engineered Bt, eCry3.1Ab, was registered as a pyramid with mCry3A in 2013 under the trade name Agrisure Duracade. Although direct comparisons cannot be made to most other rootworm products because they were not included in the study, eCry3.1Ab controlled 99% of rootworm larvae ), a greater efÞcacy than has been reported for the other single rootworm proteins (Storer et al. 2006 ; see also Hibbard et al. 2010 Hibbard et al. , 2011 .
This article reports the results of research only. Mention of trade names or commercial products in this publication is solely for the purpose of providing speciÞc information and does not imply recommendation or endorsement by the USDA. USDA is an equal opportunity provider and employer. Western corn rootworm has a history of overcoming control measures. Resistance to the organochlorine insecticide aldrin was documented 50 years ago (Ball and Weekman 1963) . Resistance to adult control measures such as methyl-parathion (organophosphate) and carbaryl (carbamate) insecticides has also been documented (Meinke et al. 1998) . Crop rotation was ineffective in an ever increasing region of the Corn Belt centered in east central Illinois and west central Indiana (Levine et al. 2002 , Gray et al. 2009 ), although this trend may be reversing (Gray 2013) . Under laboratory and greenhouse conditions, selected western corn rootworm populations have developed resistance to Cry34/35Ab1, Cry3Bb1, and mCry3A Meihls et al. 2008 Meihls et al. , 2011 Meihls 2010; Oswald et al. 2011) . Field resistance to Cry3Bb1 has also been documented in speciÞc Þelds with prolonged use of MON863 and MON88017 (Gassmann et al. 2011 ). However, western corn rootworms have not developed resistance to granular soil insecticides despite Ͼ50 yr of use for some products when delivered infurrow, in a narrow band over the row, or in a "T-band" where some of the insecticide is delivered in-furrow and part in a band over the row. It has been hypothesized that resistance has not developed to granular soil insecticides because the delivery technique did not protect all rootsÑ only the band near the row (van Rozen and Ester 2010) . Given its history of developing resistance, companies developing new products targeting the western corn rootworm must understand the nature of resistance so that effective measures can be taken to mitigate that risk. The goal of the current project was to understand to what extent selection experiments using eCry3.1Ab-expressing maize would result in resistance development by the western corn rootworm.
Materials and Methods
Insects. Eggs from a feral western corn rootworm population were obtained from French Agricultural Research, Inc., Lamberton, MN, in 2008 and reared to adulthood on isoline (non-Bt) maize. Recovered beetles were separated by gender (2,943 males and 1,875 females) and crossed reciprocally with beetles from a nondiapausing western corn rootworm colony (408 males and 278 females). The nondiapausing colony was originally obtained from the U.S. Department of AgricultureÐAgricultural Research Service (USDAÐ ARS) North Central Agricultural Research Laboratory in Brookings, SD, where it had been maintained for Ͼ30 yr (Branson 1976) . Reciprocal crosses were conducted to increase genetic diversity of the nondiapausing colony, yet reduce the average generation time from Ϸ9 mo (1 yr in the Þeld) to Ϸ2.5 mo. Eggs produced from these crosses were pooled and the larvae reared for one generation on isoline maize. Recovered beetles (5,178 males and 3,661 females) were allowed to mate randomly, and the resulting eggs were used to create two colonies (selected and control) for subsequent experimentation.
Rearing Procedures. Unless otherwise speciÞed, larvae from the selected colony were reared on nonelite noncommercial Bt maize expressing the eCry3.1Ab protein (event 5130), and larvae from the control colony were reared on maize with the same genetic background, but without the transgene for expression of eCry3.1Ab (isoline maize). Event 5130 was used rather than 5307, because of seed availability. The selection experiment began long before commercialization, and it was not possible to obtain large quantities of 5307 seed when selection experiments began. Western corn rootworm larvae from each colony were reared to adulthood using two methods similar to Meihls et al. (2008 Meihls et al. ( , 2011 . For the Þrst method, large beds (7.5 m by 1.2 m by 25 cm) containing a 2:1 mixture of autoclaved soil and ProMix potting soil (Premier Horticulture Inc., Quakertown, PA) were planted with 98 maize seeds (Bt or isoline) spaced 15 cm apart in seven rows. When maize plants reached the ϷV2 developmental stage (Ritchie et al. 1992) , western corn rootworm eggs suspended in a 0.15% agar solution were dispensed via a pipetter into a small hole (Ϸ1 cm in width and 7 cm in depth) located Ϸ5 cm from the base of each plant and then covered with soil. Eggs from the selected colony were infested at a maximum rate of 300 eggs per plant for the Þrst generation, 200 eggs per plant for the second generation, and 100 eggs per plant for every generation thereafter. Eggs from the control colony were infested at a maximum rate of 50 eggs per plant for each generation. All beds were watered as needed to keep the soil moist and covered with a Þne mesh screen Ϸ5 wk after infestation to prevent beetle escape before collection. All beds were located in the greenhouse under ambient conditions (average temperature 27ЊC) and a photoperiod of 14:10 (L:D) h.
For the second method, western corn rootworm eggs suspended in a 0.15% agar solution were dispensed via a pipetter into 15 by 10-cm plastic containers (708 ml; The Glad Products Company, Oakland, CA) at a maximum rate of 1,000 eggs per container for the selected colony and 500 eggs per container for the control colony. Containers with eggs were Þlled with 20 ml of water and Ϸ150 ml of the soil mixture described previously. After 1 wk, Ϸ50 maize seeds (Bt or isoline) were added to containers and covered with an additional Ϸ300 ml of the soil mixture and 80 ml of water. Containers were held in a controlled environmental chamber (Powers ScientiÞc Inc., Pipersville, PA) at constant 25ЊC and a photoperiod of 14:10 (L:D) h. Three weeks after infestation (when larvae were approximately second instar and chlorosis of maize leaves was usually beginning to occur), the above-ground plant tissue was removed and container contents were transferred to individual 33 by 19-cm plastic containers (5.7 liters; Sterilite Corporation, Clinton, SC) containing new soil mixture and Ϸ115 germinated maize seedlings (4-d-old) of the same type as small containers. Larvae were allowed to pupate and complete development to adulthood in the large containers, which were held on benches in the greenhouse (under the conditions described previ-ously) because of limited space in the environmental chamber. All containers were watered as needed to keep the soil moist and covered with a Þne mesh screen to prevent beetle escape before collection. Over time, it was apparent that more beetles were being produced using the second rearing method (Ϸ5ϫ more), so increasingly more eggs were devoted to this procedure in later generations.
Beetles were collected 6 d per week from all greenhouse beds and containers. Beetles from each colony were maintained in separate 30 cm 3 cages (MegaView, Taichung, Taiwan) held in the laboratory at room temperature (Ϸ25ЊC) and a photoperiod of 14:10 (L:D) h. All cages were provisioned with artiÞcial diet (Jackson 1985) , fresh non-Bt maize leaves (substituted with cut pieces of summer squash if unavailable), water supplied by means of a saturated Ϸ3 cm 3 piece of sponge, and an oviposition dish. Oviposition dishes (85 by 15-mm petri dish) contained 15 ml of soil that had been sifted through an 80 mesh (180 m) screen and were covered with lids containing Þve holes (23 mm in diameter) to allow female access. Before placing oviposition dishes in cages, the soil in each dish was thoroughly moistened and the surface scariÞed to promote oviposition. Maize leaves and water were replaced daily while diet and oviposition dishes were replaced weekly. Eggs were recovered from oviposition dishes by rinsing the soil through a 60 mesh (250 m) screen with water 1Ð2 d after removal from cages. The total number of eggs recovered from each colony was measured in a graduated cylinder (Ϸ9,000 eggs/ml) and introduced into a 0.15% agar solution. The average number of undamaged eggs per milliliter of solution was calculated for each colony, and the desired number of eggs was dispensed into greenhouse beds and rearing containers to continue the next generation. Egg viability was assessed from three subsamples of 100 eggs placed on moistened Þlter paper in a petri dish (100 eggs per dish) and sealed with ParaÞlm. Petri dishes with eggs were placed in an environmental chamber under the conditions described previously and inspected daily for hatch. To ensure that a sufÞcient number of individuals were available to maintain the colony as well as conduct experiments in which eggs were removed from the colony, it was occasionally necessary to rear one generation of the selected colony on isoline maize before initiating another generation of selection on Bt maize. In total, the selected colony was increased on isoline maize after 1, 2, 8, 9, and 10 generations of selection on Bt maize (Table 1) .
Greenhouse Experiments. The survivorship of western corn rootworm on Bt and isoline maize was evaluated after four generations of on-plant selection using greenhouse experiments similar to Meihls et al. (2008 Meihls et al. ( , 2011 . For each replication of each treatment, four pots (one 9.9-liter pot and three 3.3-liter pots) each containing a single maize plant grown in the soil mixture described previously were held on benches in the greenhouse. When maize had reached the V2ÐV3 stage, pots were infested with 50 western corn rootworm eggs suspended in a 0.15% agar solution. Eggs were dispensed via a pipetter into a small hole (Ϸ1 cm in width and 7 cm in depth) located Ϸ5 cm from the base of each plant and then covered with soil. In addition, a subsample of eggs was dispensed onto moist Þlter paper in a petri dish and placed near the pots in a lid-sealed 33 by 19-cm plastic container to estimate peak egg hatch.
Larvae were recovered from two sets of the small pots 1 and 2 wk after peak egg hatch (for collection of second and third instar larvae, respectively) using modiÞed Berlese funnels equipped with a 60W incandescent light bulb. Recovery was accomplished by cutting off the above-ground plant tissue and emptying pots into the funnels. Larvae were collected in attached half-pint mason jars Þlled with Ϸ150 ml water. After 2 and 4 d, larvae were collected from jars and stored in 95% ethanol. Total number, dry weight, and head capsule width were recorded for recovered larvae. Approximately 3 wk after peak egg hatch, the base of maize plants in the large pots was enclosed with a Þne mesh screen. Beetles were collected from large pots three times weekly until emergence had ceased for at least two consecutive weeks. All recovered adults were stored in 95% ethanol and the number, head capsule width, dry weight, and gender of beetles was recorded. In addition, root damage ratings (Oleson et al. 2005) were recorded from all plants in large pots after adult emergence had ceased. Root damage ratings were also recorded from plants in the third set of small pots once the Þrst beetle was collected from large pots (Ϸ5 wk). All treatments were replicated 14 times using noncommercial Bt maize expressing the eCry3.1Ab protein (event 5307) and its nontransgenic isoline. Throughout the experiment, pots were watered as needed to keep the soil moist. The mean Ϯ (SE) hourly air temperature in the greenhouse was 23.7 Ϯ 0.1ЊC (range, 14.5Ð37ЊC). However, soil temperatures were likely not as variable as the air temperature that was recorded. Seedling Bioassays. Western corn rootworm larvae were evaluated on Bt and isoline maize after four and eight generations of on-plant selection using a seedling bioassay modiÞed after Nowatzki et al. (2008) . Each experimental unit consisted of a 15 by 10-cm plastic container holding 333 western corn rootworm eggs suspended in a 0.15% agar solution. Soil, water, and seeds were added to containers using methods similar to those described above for rearing larvae in plastic containers. All containers were held in a controlled environmental chamber at constant 25ЊC and a photoperiod of 14:10 (L:D) h. In addition, a subsample of eggs was dispensed onto moist Þlter paper in a petri dish at the same time as containers and placed in the environmental chamber to estimate peak egg hatch. Ten days after peak hatch, the above-ground plant tissue was cut from containers and the contents emptied into modiÞed Berlese funnels. Larvae were recovered and treated as described above for greenhouse experiments. All treatments were replicated 10 and 8 times for generations 4 and 8, respectively. Experiments were conducted with noncommercial Bt maize expressing the eCry3.1Ab protein (event 5307) and its nontransgenic isoline.
Toxicity Bioassays. Bioassays were conducted similar to those described in Siegfried et al. (2005) . Brießy, neonate larvae from the control (generation 17) and selected (after 11 generations of selection) colonies were exposed to increasing concentrations (0, 0.30, 0.90, 2.70, 8.10, and 24.3 g/cm 2 ) of eCry3.1Ab applied to artiÞcial diet, with larval mortality (LC 50 ) evaluated after 6 d.
Data Analysis. To meet the assumptions of normality and homogeneity of variances, data from all experiments were square root (x ϩ 0.5) transformed before analysis. For the greenhouse experiment, larval recovery data were analyzed separately as a randomized complete block 2 by 2 by 2 factorial design using the mixed model of the SAS statistical package (PROC MIXED; SAS Institute 2008). The model contained the main effect of colony (selected and control), maize pedigree (Bt and isoline), larval recovery time (1 and 2 wk after peak egg hatch), and all possible interactions. Replication and replication within colony and maze pedigree were included as the random variable. Because the effects of colony and maize pedigree were of primary interest, and not the effect of larval recovery time, data were pooled by larval recovery time for larval Þgures. Root damage, root weight, and adult emergence data, as well as larval recovery data from seedling bioassays, were analyzed separately as a randomized complete block 2 by 2 factorial design using PROC MIXED (SAS Institute 2008). The model contained the main effect of colony (selected and control), maize pedigree (Bt and isoline), and all possible interactions. Replications were included as the random variable. For all analyses, least squares means (LSMEANS) of Þxed effects were calculated, and comparisons were performed using the t-test output of the SAS model. Data for head capsule width and dry weight were considered as missing values in the analysis when no larvae or beetles were recovered from a particular sample unit. Results from all tests were considered statistically different at P Ͻ 0.05. Larval survival data (LC 50 ) were analyzed as a randomized complete block using PROC PROBIT (SAS Institute 2008).
Results
Greenhouse Experiment. After four generations of on-plant selection, the number of larvae recovered from pots varied signiÞcantly among colony, maize pedigree, larval recovery time, and the interaction of colony ϫ maize pedigree (Table 2) . When the effect of maize pedigree was examined within each colony, signiÞcantly more larvae were recovered from isoline maize than Bt maize for the control colony, but this difference was not signiÞcant for the selected colony (Fig. 1a) . In addition, signiÞcantly more larvae were recovered from the selected colony than the control colony on each maize pedigree (Fig. 1a) . Within each colony, head capsule width was signiÞcantly greater for larvae recovered from isoline maize than Bt maize (Fig. 1b) . For the control colony, dry weight was signiÞcantly greater for larvae recovered from isoline maize than Bt maize, but this difference was not sig- niÞcant for the selected colony (Fig. 1c) . Furthermore, head capsule width and dry weight were signiÞcantly greater for larvae recovered from the selected colony than from the control colony on Bt maize, but this difference was not signiÞcant on isoline maize (Fig. 1b and c) . The interaction of colony ϫ maize pedigree did not have a signiÞcant effect on the number of beetles recovered from pots, but the effect of maize pedigree was signiÞcant (Table 2) . When the effect of maize pedigree was examined within each colony, signiÞ-cantly more beetles were recovered from isoline maize than Bt maize (Fig. 1d) . For beetles recovered from Bt maize, head capsule width was signiÞcantly greater for the selected colony than the control colony, but this difference was not signiÞcant on isoline maize (Fig. 1e) . Beetles from each colony did not differ signiÞcantly in dry weight in any of the treatment combinations (Fig. 1f) . Overall, there was a female bias in the percentage of beetles recovered from Bt and isoline maize. The percentage of female beetles that emerged from isoline roots was 60 and 63% for the control and selected colony, respectively. The percentage of female beetles that emerged from Bt roots was 62 and 58% for the control and selected colony, respectively.
The interaction of colony ϫ maize pedigree did not have a signiÞcant effect on root damage ratings of maize in large pots, but the effect of maize pedigree was signiÞcant (Table 2) . When the effect of maize pedigree was examined within each colony, signiÞ-cantly more root damage occurred on isoline maize than Bt maize for the control colony, but this difference was not signiÞcant for the selected colony (Fig.  2a) . In addition, root damage was signiÞcantly greater for the selected colony than for the control colony on Bt maize, but this difference was not signiÞcant on isoline maize (Fig. 2a) . Root damage ratings from maize in small pots varied signiÞcantly between colony and maize pedigree, but not their interaction (Table 2 ). For maize in small pots, comparisons of root damage between treatments were similar to those from large pots (Fig. 2b) .
Seedling Bioassays. After four generations of onplant selection, the number of larvae recovered from containers varied signiÞcantly between maize pedigree and the interaction of colony ϫ maize pedigree (Table 3) . When the effect of maize pedigree was examined within each colony, signiÞcantly more larvae were recovered from isoline maize than Bt maize for the control colony, but this difference was not signiÞcant for the selected colony (Fig. 3a) . Although signiÞcantly more larvae were recovered from the selected colony than from the control colony on Bt maize, this difference was not signiÞcant on isoline maize (Fig. 3a) . Within each colony, head capsule width and dry weight were signiÞcantly greater for larvae recovered from isoline maize than Bt maize ( Fig. 3b and c) . Furthermore, head capsule width and dry weight were signiÞcantly greater for larvae recovered from the selected colony than from the control colony on Bt maize, but this difference was not signiÞcant on isoline maize (Fig. 3b and c) .
After eight generations of on-plant selection, the number of larvae recovered from containers varied signiÞcantly among colony, maize pedigree, and the interaction of colony ϫ maize pedigree (Table 3) . When the effect of maize pedigree was examined within each colony, signiÞcantly more larvae were recovered from isoline maize than Bt maize for the control colony, but this difference was not signiÞcant for the selected colony (Fig. 3d) . Although signiÞ-cantly more larvae were recovered from the selected colony than from the control colony on Bt maize, this trend was reversed on isoline maize (Fig. 3d) . Within each colony, head capsule width and dry weight were signiÞcantly greater for larvae recovered from isoline maize than Bt maize (Fig. 3e and f) . Furthermore, head capsule width was signiÞcantly greater for larvae recovered from the selected colony than from the control colony on Bt maize, but this difference was not signiÞcant on isoline maize (Fig. 3e) .
Toxicity Bioassays. After 11 generations of on-plant selection, larvae from the selected colony had greater LC 50 values than the control colony ( Table 4 ). The resistance ratio of the selected colony (LC 50 of selected colony/LC 50 of control colony) was 2.58 (Table 4) .
Discussion
To delay resistance development in the Þeld, the initial resistance management plans required a 20% block or strips of non-Bt maize planted within or adjacent to the Bt maize. Then a pyramid of Cry3Bb1 and Cry34/35Ab1, plus Lepidopteran and herbicide tolerance genes (SmartStax maize), was registered with a smaller 5% block or strip rootworm refuge within or adjacent to the Bt maize (EPA 2009 ). This was followed by the registration of a seed mix refuge in which a 10% blend of non-Bt seed within the seed bag serves as the refuge seed for Cry34/35Ab1 (EPA 2010) . The landscape of rootworm products, refuge size, and refuge type continues to evolve. For instance, SmartStax maize has now been registered as a seed mix, but with a 5% non-Bt blend (EPA 2011a) , and a pyramid of mCry3AϩCry34/35Ab1 (along with Lepidoptera and herbicide-targeted genes) also recently received EPA registration for commercial sale with a 5% block or strip refuge (EPA 2011b) . It is expected that mCry3AϩCry34/35Ab1 (along with Lepidoptera and herbicide-targeted genes) will also be requesting registration from EPA for a 5% seed blend refuge. Finally, a modiÞed Bt protein for which selected experiments were performed with in the current paper, eCry3.1Ab (Walters et al. 2010 , and double-stranded RNA that trigger RNA interference (Baum et al. 2007 ) are also both currently being targeted for future commercialization. Data from western corn rootworm colonies that have been selected for resistance to products such as 5307 can be especially valuable because these data were collected before commercialization and can be incorporated into resistance management plans as part of the commercialization process. Field resistance to Cry3Bb1 has recently been documented in speciÞc Þelds with prolonged use of MON863 and MON88017 (Gassmann et al. 2011) . Growers in these "problem Þelds" had planted Cry3Bb1-expressing maize for up to 6 yr without rotation, but were not asked whether or not they planted 20% non-Bt maize adjacent or within the affected Þelds as required. Given that resistance had developed in the laboratory in several laboratory selection experiments to Cry3Bb1-expressing maize within just a few generations of selection (Meihls et al. 2008 , Meihls 2010 , Oswald et al. 2011 , it is not surprising that resistance has apparently developed in certain Þelds with a long history of planting Cry3Bb1-expressing maize. Because western corn rootworm survival on eCry3.1AbϩmCry3A in the Þeld was only 0.09% relative to survival on isoline maize and survival on Cry3Bb1 is Ϸ1.51% relative to isoline maize (Clark et al. 2012) , it is possible that resistance may develop much more slowly to eCry3.1Abϩ mCry3A. However, these situations document the importance of complying with resistance management requirements for rootworm-targeted products.
The current set of data suggests that some level of resistance in terms of the number of larvae recovered (Fig. 1a) and plant damage (Fig. 2a) can develop to eCry3.1Ab-expressing maize within four generations of selection. However, beetle emergence in the same experiment was not signiÞcantly different between the selected and control colonies on isoline or 5307 maize (Fig. 1d) , suggesting that resistance was far from complete. 
